INTRODUCTION
In recent years much progress has been made in our knowledge of osmotic changes in aquatic organisms, chiefly in maril1e animals that can successfully withstand a certain amount of dilution of the external medium. In addition to confirming the classical findings of Bottazzi (1897 Bottazzi ( , 1908 that, unlike the teleosts, the body fluids of marine invertebrates and elasmobranchs are isotonic to the sea water in which they live, investigations by numerous workers have shown that the colonization of fresh and brackish waters by marine animals is closely dependent upon the development of osmoregulatory powers which attain a high degree of perfection in freshwater organisms. Schlieper and his school (Schlieper, 1929 (Schlieper, , 193°, 1935 Schlieper & Herrmann, 193°; Schwabe, 1933; Scholles, 1933; Peters, 1935) brought evidence of the relative importance of the excretory organs in osmoregulation; this has been confirmed by other investigators who have also emphasized the question of differences in permeability. Finally, the discovery df Krogh (1937 Krogh ( , 1938 ) that many animals in fresh water are capable of actively absorbing ions from their surroundings, even when the latter are present only in exceedingly minute quantities, has introduced a new aspect to the problem of adaptation of marine animals to fresh and brackish waters.
One would normally expect a marine invertebrate to be isotonic with its medium when in sea water, and it was therefore of unusual interest to find two crustaceans in the sea-water tanks of the Plymouth Laboratory showing a blood concentration markedly hypotonic to the external medium. One is the widely distributed and well-known brackish-water prawn Palaemonetes varians (Leach) (Panikkar, 1939) and the other the common marine prawn Leander serratus (Pennant) (Panikkar, 194oa) . A similar behaviour was also later discovered in Leander squilla (L.). The difficulty these animals have to overcome is not that of maintaining a higher concentration of blood in an external medium of low concentration, whi~h we find in most estuarine animals, but of keeping the blood dilute in defiance of the more concentrated external medium and the consequent prevention of loss of water from the tissues. This condition, however, changes when these same species are in brackish or fresh water, where the body fluids have to remain in a state of definite hypertonicity. The mechanism of osmoregulation needs to be equally efficient in maintaining a stable hypotonicity when in sea water and hypertonicity when in fresh or brackish water.
Among marine invertebrates, the few known instances of slight hypotonicity when in sea water are some of the gtapsoid and ocypodid crabs (Edmonds, 1935; Baumberger & Olmsted, 1928; Schwabe, 1933; Conklin & Krogh, 1938; Pora, 1939; Pearse, 1932) which belong to groups that have become semiterrestrial in habits (Table I) . Other parallel instances are the highly specialized brine shrimp Artemia (Medwedewa, 1927; Kuenen, 1939) , the insects that can inhabit saltwater (Beadle, 1939; Claus, 1937; 'Wigglesworth, 1933 'Wigglesworth, , 1938 , and certain permanently attached parasites that feed entirely on hypotonic blood (Panikkar & Sproston, 1941) .
The general condition observed in these prawns is similar to that of the marine te1eosts, which are always hypotonic in sea water and hypertonic in fresh. The peculiar osmotic behaviour in the prawns here described becomes still more significant when the habits and distribution of the group to which they belong are considered.-Palaemonetes varians is known to exist in two distinct varieties, a freshwater and a brackish-water one, confined respectively to the southern and north-western parts of Europe; the widely distributed genus Leander includes marine, estuarine and freshwater species. Can we correlate their osmotic behaviour with their plasticity of habits and the ability of certain pa1aemonid prawns to migrate into fresh water? It seems reasonable to assume that the osmotic independence shown by L. serratus and L.' squilla must have been acquired in fresh water at some period in their evolutionary history, and, if this assumption is correct, we are dealing with a remarkable 1939 1940 1941 1932 1933 1928 1935 1935 1938 19321~~~( * Values of A and mM. given in this table are based on the relationship that 0'293 mol. Na (or Cl) gives a depression of freezing-point of -1'00 C.
group of crustaceans which had at one time become accommodated to life in fresh water and has since returned to a marine habitat. The osmotic adaptation involved is of interest because its object is the converse of what is seen in euryhaline animals. The present paper is an attempt to elucidate this osmoregulatory mechanism as studied by changes in total osmotic pressure of blood and urine, and deals with the problem as viewed from the general biological standpoint; the question of ionic regulation will be dealt with in a subsequent paper.
MATERIAL AND METHODS
The prawns used in this investigation were obtained at Plymouth, Leander serratus from the Sound, L. squilla from Laira, and Palaemonetes varians from Chelson Meadow. They were stocked in circulation tanks. No special attempt was made to feed Palaemonetes, but Leander was now and then fed with bits of Sepia and mussels. Judged by the comparatively low mortality among prawns kept in tanks it may be concluded that they remain in a healthy state under circulation. For experimental purposes they were transferred to different media prepared from clean sea water, aerated and kept in large glass jars. The tank water is more saline than outside sea water and has an osmotic pressure of3"3-3.5 %NaCl; it has a slightly higher calcium content (0"015 M as against 0.0098 M for outside sea water (Cooper, 1932) ). The pH is about 8.0, but is subject to slight variation (Atkins, 1922) . Dilutions of sea water were always made with Plymouth tap water, which is a very soft water with a slight trace of chloride and about 3 parts per million of silica. Experimental animals were not fed; nor were the jars aerated after the animals had been put into them. Artificial sea water was made with 0.6 M NaCl, 0.6M KCI, 0.4 M CaCl2 and 0"4 M MgCl2 solutions mixed in the proportion of 801"9, 17.2, 27.2 and 139"6 m!. respectively, along with 2 drops of M NaHC03 for every 100 m!. of the mixture, and brought to pH 8 with NaOH. Concentrated sea water was prepared by the addition of Tidmann's sea salt to clean sea water, care being taken to bring the pH to normal by appropriate buffering.
Estimations of osmotic pressure were made by Baldes's modification of the Hill thermo-electric technique (Baldes, 1934; Hill, 1930 Hill, , 1931 . The standard solutions employed for comparing the vapour pressures were over a fairly wide range, i.e. between 1.8 and 2"5 % NaCl for the blood of Palaemonetes and between 2.0 and 3"0 % NaCl for that of Leander. After mounting the solutions on the thermocouples in a moist chamber, they were equilibrated in a thermostat kept constant at 20.8°C. :t 0"001, and the deflexions taken from a Downing (moving-coil) galvanometer of sensitivity 1.28 x 10-8 V./mm. at a distance of 3 m. Using tested thermocouples, I mm. deflexion on the scale was equivalent to an e.m.f. caused by solutions differing in strength by 0.005 % NaCl, so that, using a magnifying glass, differences up to half the above figure could be read on the scale. All estimations were made in duplicate on two separate instruments, and most of the readings were also taken in the same instrument with the unknown sample placed in a 'normal' and a , reversed' position. The data given in the tables and graphs are the mean values of the readings taken with each sample. The values of osmotic pressure are throughout expressed as percentage of sodium chloride, i.e. the grams of NaCl dissolved in 100 g. of distilled water to make a solution having the same vapour pressure as the unknown at the same temperature and atmospheric pressure. Owing to variations in the salinity of the tank water, parallel estimations of osmotic pressure of tank. water were made in all cases where the animals were taken from the circulation. The experimental solutions used as external media were measured in the same manner as blood and urine, but the standard solutions employed ranged from distilled water to 3'5 %NaCl; special attention was paid to having the filter paper on the walls of the couple chamber moistened with the solutions being compared, to ensure greater accuracy (cf. Hill, 193I) . In all experiments the thermocouples were calibrated both before and after a series of estimations, and the mean values taken for final calculations.
The following uniform procedure was adopted for the removal of blood from prawns. The animals were wiped with a dry towel, and the wafer in the gill chambers and between the cephalothoracic shield and the first abdominal segment was completely removed with strips of filter paper. A capillary pipette (specially drawn out from glass tubing cleaned in bichromate sulphuric mixture and distilled water, and kept in readiness in a desiccator) was introduced into the heart at the point where it is easily accessible from outside, i.e. under the. hind-margin of the cephalothoracic shield. The blood collects in the tube because of the hydrostatic pressure and capillarity, but if larger quantities were required, the blood could be sucked in by an attached rubber tube. Blood from die pipette was transferred direct to the thermocouples (kept in the moist chamber) almost immediately after removal because of its tendency to clot, especially in Leander. When drops of blood were mounted, the first drop from the pipette was not used, nor was the last, so as to reduce the errors due to evaporation to a minimum. No animal from which blood was removed once was ever again used except for the removal of urine.
The obtaining of samples of urine was considerably more difficult. Repeated trials showed that the following method gave the best results. The prawn, after the adhering water has been wiped off, is laid on its back on a glass plate under a binocular microscope; if this proves difficult it may be kept in position by a rubber band running round the plate. By careful manipulation, the opening of the anterniary gland at the baseof the antenna may now be located and its outside carefully wiped with strips of filter paper. The tip of a micropipette, with an attached rubber tube, is introduced into the pore of the antennary gland and the contents sucked into the pipette. In many experiments the hydrostatic pressure of the urine inside the bladder was sufficiently high to fill the pipette without much effort. While this procedure worked well with Leander, success was only partial with Palaemonetes owing to its small size. Some samples were obtained from larger individuals by the same method as the above. In others, only the contents of the nephroperitoneal sac were taken for estimation of osmotic pressure. In Leander, the contents of this sac (which is in direct communication with the bladder, Fig. S , p. 332), as obtained by dissection, had nearly the same osmotic pressure as the urine collected at the base of the antenna (Table III) . Applying this information to Palaemonetes, the contents of the nephroperitoneal sac may be expected to give an indication of the properties of the urine; the source of the samples is indicated separately in the tables.
The dry weight of specimens used for estimation of water content was taken after the animals had been crushed and kept in a hot-air oven at a temperature of 10So C. for 24-36 hr. which was about the time required to get constant weights. The weighings were to within 2'S mg.
The freezing-point of the blood of Leander serratus was determined by a cryoscope of the Burian and Drucker model; the Beckmann thermometer was graduated to 0'02°C. and the readings taken were correct to about 0'01°C.
OSMOTIC CHANGES IN THE BLOOD OF P ALAEMONETES
Palaemonetes varians inhabits brackish waters in the vicinity of Plymouth and adjoining places; though it is common in waters of varying salinity on the English and Irish coasts, it is rarely, if ever, met with in the open sea. In northern and western Europe the species is known only from water with some admixture of salt, whereas in the Mediterranean it is a freshwater species; but even there it is not exclusively fluviatile as shown by Gourret's record of it from salt water in the south of France along with strictly marine species (Gurney, 1923) . Physiological varieties of the species have been distinguished (vide Boas,. 1898, for summary and literature) in accordance with the size of the egg and reproductive habits; the brackish-water form with smaller eggs and full complement of larval stages is called var. microgenitor (=var. occidentalis, Sollaud, 1923) and the freshwater variety with larger and fewer eggs and a reduced development is designated var. macrogenitor (=var. lacustris von Martens). Sollaud added a third variety mesogenitor from Tunisia, but this is probably a distinct species (Gurney, 1923) . It may be pointed out that there is no important structural difference between these varieties. In a later paper, Sollaud (1932) has suggested that the four forms of Palaemonetes found around the Mediterranean which are usually considered as different varieties of P. varians are specifically distinct, though they form a natural group of their own (' clan') within the genus. Of these, p, varians has small eggs (microgenitor), P. antennarius and P. mesopotamicus have large eggs (macrogenitor), while P. mesogenitor shows the intermediate condition.
The locality from which specimens were obtained for this study is subject to wide fluctuations in salinity during the year. The Chelson Meadow consists of a large tract of unreclaimed land near the mouth of the Plym, from which it is separated by an embankment. Salt water enters during high tide and the excess of water drains off into the river through sluice gates. The animals that are commonly obtained with Palaemonetes in the ditches at Chelson Meadow are Potamopyrgusl jenkinsi and Gammarus chevreuxii, both of which are well known for their high degree of tolerance to salinity changes (Sexton & Matthews, 1913) . During the course of this work the highest salinity observed was in the summer and autumn, and the lowest during the winter (Fig. I) .
The blood of Palaemonetes obtained from its natural habitats has an osmotic pressure varying between 2.0 and 2"4 % NaCl according to changes in the environment at different times of the year as shown in Fig. I The osmotic changes in the blood of Palaemonetes when transferred from sea water to different experimental media are shown in Fig. 2A . The curve obtained for these values does not exactly correspond with the values for specimens from Chelson Meadow (Fig. 2) . The difference seen is no doubt due to the slow and prolonged acclimatization which the experimental animals are denied. But this is not explained entirely on the basis of the time factor, since experimental animals have been observed to attain a more or less steady state after some time.
Palaemonetes is able to survive sudden transfer from sea water to water of very low salinity, i.e. about 0.5 %NaCl. The prawns remain active and healthy in spite of sudden changes in external medium and, by slow acclimatization, the animals could be brought down to water of as Iowan osmotic pressure as 0'01 % NaCl. If directly transferred to distilled water from sea water they survive for about 2-3 hr.; but in distilled water with a trace of sodium chloride (osmotic pressure 0.005-0.01 % NaCl) they live for 24-30 hr. Six specimens acclimatized to 0.45 %NaCllived for 18-22 hr. in Plymouth tap water, and their survival period could be prolonged to several days by the addition of a small quantity of NaCI solution so as to raise the osmotic pressure of the medium to about 0.005-0.01 %NaCl.
Values of osmotic pressure of specimens transferred from sea water to 1 Also known under the names Hydrobia and Paludestrina. 
"-. water of low salinity and from water of low salinity to sea water are given in Figs. 3 and 4. In the first transfer ( Fig. 3a) there is a steady fall in values from about 2.4 to nearly 2.0 % within the course of 8-10 hr., and an almost steady state is thereafter attained. The curve, however, is by no means smooth, which may be partly due to the differences in adaptive powers among the individuals taken for experiment. There is also an indication that the osmotic pressure fluctuates before a final steady state is reached, and this is also seen in animals transferred to sea water (Fig. 4a) It is possible that some of the specimens which showed abnormally high values were those which in due course might have died owing to inefficient regulation, but at the time when estimations were made they were alive and active. The critical stage in adaptation is evidently after about 4-5 hr. when the osmotic pressure is already 3.0 %NaCl, since the high degree of scatter in the values is observed only after this period. It is noteworthy that prawns that lived in the medium for 3 days and had attained a steady state also show a value of nearly 3'0 %. In 4.78 % NaCl, the mean value for blood came down to about 2.6 %in a week's time (Table II) .
The figures obtained when animals are subjected to sudden change of environment show definitely that there is an initial rise or fall in osmotic pressure which is considerably higher or lower than the final steady value. Thus the upset of osmotic equilibrium is not avoided by the animals by passive control, but adjustment is later effected by osmotic work done by them. The fluctuations in the values may largely be due to individual differences in adaptive capacity owing to differences in size and moult stage, but this cannot account for the rise and fall after 4 hr. in experiments with concentrated sea water. Possibly the entry of salts into the prawns may take place discontinuously, as for example when they occasionally drink water to make up for water loss, and this is partly responsible for the wide fluctuations.
It has already been mentioned that the osmotic pressure of the blood of animals' taken from the natural habitat during February was slightly higher that one would expect from the curve. Similarly there is a steady fall from February to May in spite of the rise in salinity of the medium (Fig. I) . This would indicate a lower value in summer and a higher one in winter. A similar seasonal cycle has been observed by Widmann (1935) and Otto (1937) working with other Crustacea. According to their observations as well as mine, higher temperature seems to give lower values of osmotic pressure. The possible significance of this in certain problems of animal distribution has been discussed elsewhere (Panikkar, 1940b) .
Palaemonetes is able to take in salt when in hypotonic media. Prawns collected from Chdson Meadow, found living in a medium of 0'175 %NaC! and having an average osmotic pressure of 2'108 % NaC!, were transferred to dilute sea water of 1'45°% NaC!. Osmotic changes cannot be expected since the new medium is also hypotonic to the blood, but after 48 hr. the average osmotic pressure of the prawns rose to 2'29°% NaC!. Judging from the analogy of freshwater and brackish-water organisms investigated by Krogh (1938) the gills would seem to be the primary site of absorption, though a small amount of salt may also be absorbed through the gut.
OSMOTIC CHANGES IN THE BLOOD OF LEANDER

Leander serratus
Leander serratus, the so-called' common prawn', is a littoral marine species abundant in the southern parts of the North Sea and in the Mediterranean. Details of its distribution are given by Gurney (1923) . Though it is able to withstand a certain amount of dilution of the environment, this prawn is essentially marine in its habits, but it is not uncommon to find it among sea weeds on the coastal regions where slight dilution of the sea water may take place from rain or river water. Unlike the closely related species L.longirostris, L. serratus does not seem to migrate much into rivers; nor does it show any preference for brackish water or estuarine habitats as do many other Leander.
The osmotic pressure of the blood of L. serratus when in sea water has a value of 2'6-2'9 %NaC!. The variations of osmotic pressure among individuals of the same batch is higher in this prawn than in Palaemonetes, and, as will be shown later, much of this variation may be expected on the basis of differences in moult stages. It is worth mentioning that my records show that, as in Palaemonetes, the blood shows a higher value in winter than in summer. The mean value for the blood of twelve prawns of about the same intermoult period, as judged by appearance, taken from sea water of 3"45 % NaCl in summer was 2.60 % NaCl, but the corresponding .value for winter was 2'85 %. While there is no perceptible difference between males and females not in berry, the ovigerous females on the whole show a slightly higher value of 2'95 % (winter). I have not been able to find any definite correlation between size and osmotic pressure of blood among individuals averaging from
.,., "" ","" ... 35 to 80 mm. in length, but the larger prawns of 96-roo mm. usually show higher values than smaller individuals of the same batch. In the absence of data on the moult stage of each prawn investigated, I am not inclined to emphasize these differences, especially when we consider that the larger prawns have a longer intermoult period. Osmotic pressure of the blood of Leander serratus was also measured by the freezing-point method. Blood from about twenty-five specimens was collected for this purpose and allowed to stand for 6 hr., after which the clear bluish serum was separated and poured into the cryoscope. In two series of estimations with two sets of prawns taken from circulation in January 1941, 6. values of -1'70 and -1.66°c. were obtained for the blood serum and of -2'06°C. for sea water. These values are in fairly close agreement with the results obtained by the vapour-pressure method. Table III and the graph B in Fig. 2 show the osmotic relations of L. serratus in different dilutions of the environment. The prawn is homoiosmotic in normal sea water down to a dilution of sea water equivalent to 2'5 %NaC!, which is the approximate point of isotonicity. There is a steady decline in value after this, but even in lower dilutions the ability of the animal to maintain a hypertonic blood concentration is well marked. The curve has thus the essential features of the Palaemonetescurve, the differences observed being' caused by the lower osmotic deficit when in sea water, and absence of efficient regulation in very dilute sea water. I have not been able to acclimatize
Leander serratus to live in water below 0,6 % NaC!; the mortality was very high in experiments with water of 0'6-1'0 %NaC!, and no prawn which lived for a few days in these dilute media showed an osmotic pressure less than about 1.6 %NaC!.
Acclimatization experiments show that the degree of tolerance to changes in the external medium is very limited in Leander as compared with Palaemonetes, but certainly much better developed than in most marine invertebrates. It can survive direct transfer to media as low in concentration as 1.6 % NaC!. Even in lower dilutions the prawns live for 3-4 hr. after direct transfer and may recover if taken back to sea water before they have become comatose. In all these the size of the individual and the moult stage seem to have a close bearing on the ability to survive sudden salinity changes. Smaller juvenile prawns have a greater degree of tolerance than larger ones, and the ovigerous females have the minimum amount of tolerance to diluted media. Similarly, the freshly moulted individuals die in a few hours if transferred to sea water of even moderate dilutions, such as 2'0 % NaC!. The period of survival after such changes is longer the longer the time that has elapsed after moult.
Slow acclimatization to concentrated sea water is possible, the maximum upper limit being about 3'9 % NaCl, the osmotic pressure of blood rising in the meantime to 3'1 %NaC!. This value is not represented in curve B, Fig. 2 , since the observations have not been extensive. . Osmotic changes of prawns when they are directly transferred to dilute sea \fater are shown in Fig. 3 . As may be expected, the time taken to reach the lowest value varies according to the strength of the experimental medium and the sizes of individuals, the small prawns showing a higher rate of change. The dilution curve is steady until the final equalization, followed by a slight rise, the curve having the same shape as the one obtained for Palaemonetes.
Like Palaemonetes, Leander serratus is able to absorb salt from hypotonic 1'720 % NaCl) and having a mean osmotic pressure of 2'3 %NaCl showed an increase in value up to 2'5 %NaCl in 14 hr. when transferred to sea water of2'2 %NaCl.
Leander squilla
Leander squilla (Linn.) is littoral in habits; the species enjoys a wide distribution, being common in the Baltic Sea, Scandinavian, Dutch, British and French coasts, the Mediterranean and the Black Sea (Gurney, 1923) . It is frequently encountered in brackish water in the Black Sea and in pools in salt marshes on the English coasts along with Palaemonetes varians. In addition to occurring in the sea at Plymouth, the species has been recorded a few miles up the River Lynher, River Tamar and at Laira; in the spring of 1940 a few juvenile individuals were obtained along with P. varians at the Chelson Meadow. Gurney mentions that there can be no doubt that the whole larval life is spent in the sea. It was difficult to obtain a plentiful supply of this prawn during the period of study, and the observations on it are therefore not very extensive.
Fig . 2C gives the values of osmotic pressure of prawns from different salinities. In normal sea water the blood is equivalent to about 2.6 % NaCl;
approximate isotonicity is established in a medium equivalent to about 2'5 %NaCl, and in lower dilutions the blood is hypertonic to an appreciable extent indicating effective regulation. The curve obtained when the results are plotted is very similar to that for Leander serratus. It is noteworthy, however, that the optimum value in sea water is slightly lower than in L. serratus (2'6 as against 2,8 %), and that the homoiosmotic behaviour is even better developed than in the former species. The osmotic adaptation is therefore intermediate between that of Palaemoneies varians and Leander serratus, and this is precisely what one would expect from its habits and distribution, and from the results obtained by Mathias (1938) and Pora (1938) in regard to its ability to withstand experimental changes in the external medium.
OSMOTIC PROPERTIES OF THE URINE OF PALAEMONIDS
Description of the Excretory Organs
The main excretory organs of prawns are the green glands or antennary glands which become functionally active as soon as the shell glands or maxillary glands disappear at the end of larval life. The green glands of the Palaemoninae have been described by Grobben (1880) , Weldon (1889 Weldon ( , 1891 , Marchal (1892) , Allen (1892b) , Cuenot (1895) and Patwardhan (1937) . The excretory pore, found at the base of the antennary peduncle in close proximity with the labrum, leads through the ureter into the bladder, to one side of which is attached the end-sac and the convoluted tubules of the labyrinth Fig. 5 ). The end-sac is a small, compact, specialized structure composed of an outer layer of connective tissue containing blood spaces and an inner layer; thrown into folds projecting into the lumen of the sac, which is lined with large excretory epithelial cells having conspicuous nuclei and granular cytoplasm. The excretory. tubules forming the glandular plexus or the labyrinth anastomose freely with one another, but u they communicate by means of a com-b .-mon opening with the end-sac and by several openings with the bladder. The walls of these tubules are formed by a single layer of excretory epithelial cells, while the intervening spaces between the tubules are filled with loose connective tissue and numerous blood lacunae. The bladder wall is extremely thin and lined with epithelial cells resembling those seen in the tubules. Of special significance in the excretory system of the Palaemoninae is the large median renal or nephroperitoneal sac which is an unpaired structure lying in the cephalothorax dorsal to the cardiac stomach and ventral to the ophthalmic artery and the median dorsal sac. This communicates with the blad~er by Fig. 5 . Diagramof the palaemonidexcretory means of two lateral nephropentoneal system(afterWeldon).b.bladder;e. endducts which are also connected by a sac;n.nephroperitonealsac;o.oesophagus;
. .. fj t. tubule; and u. ureter. transverse commissure passmg m ront. of the oesophagus. The renal sac is composed of a single layer of flattened excretoryepithelium which both Weldon and Marchal found capable of absorbing indigo carmine and similar substances when they are injected into the blood of the living animal. From a study of the development of the excretory organs of Palaemonetes varians, Allen (1892b) demonstrated that the nephroperitoneal sac is formed by the fusion of the backward extensions of the two bladders. He also drew attention to the presence of a completely closed dorsal sac (the median dorsal blood sinus of Weldon) which lies upon the nephroperitoneal sac; it is probably coelomic in origin and persists in the adults of Palaemon (=Leander) and Palaemonetes. According to him it does not contain blood since blood corpuscles are never met with in the sacs of the larvae or of the adults; nor has any direct communication been observed between the dorsal sac and the blood sinuses of the body.
In Tables II and III are given the values of the osmotic pressure of the urine of Palaemonetes and Leander. In general the osmotic pressure of the urine is closely similar to that of the blood, though slight variations on either side are observed, as was also noted by Picken (1936) and Nagel (1934) 
Carcinus. The results also indicate that the general rille of isotonicity with blood is not affected by the differences in the nature of the medium, whether hypotonic or hypertonic. In Palaemonetes transferred to fresh water with a little NaCl, the urine was found to be slightly hypotonic to the blood, which also had a comparatively low value. But even here the extent of hypotonicity is so small that it may not be considered far outside the range of experimental variation, and further, the steady state had not been attained as evidenced by the low value for blood. The contents of the different parts of the excretory system of three specimens of Leander were removed separately and their osmotic pressures estimated to find if significant differences could be discovered (Table IV) . The method adopted was to dissect the prawns under the binocular microscope, after blood had been collected from the heart and urine from the opening of the antennary gland. The contents of the nephroperitoneal sac and the dorsal MARCH 1940 sac were collected in separate micropipettes. While reasonably pure samples could be obtained from the nephroperitoneal sac, the possibility of contamination with blood could not be completely ruled out in collecting from the dorsal sac, though every possible care was taken to make sure that the sample was pure. The values obtained are nearly identical with the blood except for slight variations which are well within the limits of experimental error. Similar analysis could not be carried out with Palaemonetes owing to its smaller size. The fact that there is isotonicity of urine with blood in Palaemonetes acclimatized to water of extremely low salinity, and the almost similar values obtained for the contents of the different parts of the green gland of Leander, would point to the conclusion that there is no mechanism for the production of urine hypotonic to blood in either of these prawns.
It may be mentioned here that, in addition to the antennal glands, the gills may be expected to have a marked excretory function as shown by the work of Mollitor (1937) on the crab Eriocheir.
OSMOTIC CHANGES IN RELATION TO MOULTING
Interesting osmotic changes in accordance with the moult cycle were discovered by Baumberger & Olmsted (1928) in the crab Pachygrapsus crassipes. In" sea water having a freezing-point depression of -1'975°C. the tissue fluids of hard crabs had a t1 of 1'327°, ofpillans1 1'893°, of hard crabs about to moult 2'601°, and of newly moulted crabs 2'193°. Thus the crabs are normally hypotonic to the extent of -0.648°C. when they are far from moult, but in most other stages of the moult cycle the blood is hypertonic to the external medium. It has been concluded that there is a large increase in blood concentration of crabs just before moult and that a considerable amount of 1 A stage intervening between' hard' and' about to moult' crabs, characterized by cracks on the carapace, Also called' peelers', water is absorbed immediately after moult, which accounts for the reduction of osmotic pressure to normal. These changes have been confirmed in Callinectes sapidus (Baumberger & Dill, 1928) and in Carcinus maenas as regards water content (Robertson, 1937) . There is no reference in the literature to osmotic changes in Macrura as influenced by the moult. In Homarus it has recently been found that osmotic equilibrium is established soon after moulting (Lowndes & Panikkar, 1941) . The following observations are of interest, since in no stage of the moult cycle is Leander or Palaemonetes hypertonic or even isotonic to' the environment, thus offering a striking contrast to the condition reported for Pachygrapsus crassipes. In prawns it is by no means easy to judge the moult stages by appearance; nor is it possible to classify them into different moult groups as was done by Baumberger and Olmsted in Pachygrapsus. The prawns usually moult during the night and the moulting process itself is rapid; it was thus not possible to obtain a large number in which the time which had elapsed since the moult had been. definitely ascertained. The procedure adopted was to keep isolated individuals under observation. The moulting has been described by Gurney (1923) in Leander longirostris and Nouvel (1933) in L. serratus, and I have little to add to these accounts. According to Nouvel the intermoult period varies from 10 to 20 days-the interval being longest in large prawns. The intermoult period was much longer in the batch of prawns observed by me; in young prawns it varied from 15 to 25 days, while the larger ones took about 30-35 days. In addition I have had under observation large prawns that had
. not moulted for 40-50 days. Amount of water in a prawn of dry weight 2'73 g. after moult = 7'923 x 2'73 = 10'414 g.
2'077
Therefore the amount of water absorbed = 10'414 -7'270 =3' 144 g.
Thus a prawn of fresh weight I g. absorbs 0'314 g. of water during moult. between internal and external media the osmotic deficit is least in newly moulted examples and the deficit grows as days elapse after the moult. I have not been able to establish any remarkable rise in osmotic pressure immediately before moult, but it may be that I have not been able to pick prawns that were actually in the throes of moulting. In two prawns far from moult a slight rise in osmotic pressure was observed, and this is probably an indication of the activity prior to moulting. While a slight rise from 2.6 to about 3'0 %NaCl is indicated, there is no evidence that the blood attains hypertonicity with the external medium, nor even isotonicity, for the blood of a prawn only 10 min. after the moult gave a value of 3'00 % with an appreciable osmotic deficit of 0'37 % NaCP The general trend of osmotic changes in L. serratus during the moult cycle is similar to that of Pachygrapsus, with the difference that the range of variation is so limited that the hypotonicity of the blood is maintained in all stages of the moult cycle.
The exact mechanism whereby the increase in concentration is achieved . prior to moult has not been satisfactorily explained in any crustacean. It would at least be partially eXplained by the conversion of accumulated glycogen into sugar as shown by Drilhon (1933) for Maia, though it should be admitted that the change in the sugar content of the blood observed in Callinectes (Baumberger & Dill, 1928 ) is insufficient, to explain the whole osmotic rise. That the absorption of water is mainly responsible for bringing down the value to normal could be demonstrated by calculations based on 1 This value is not included in Table V (Table VI) .
It is noteworthy in this connexion that Robertson (1937) , working on Carcinus, found that a crab having a fresh weight of 50 g. would absorb 35 g. of water during moult. The corresponding figures for Maia squinado (Drach, 1936) , Bachygrapsus crassipes and Hemigrapsus oregonensis (Olmsted & Baumberger, 1923 ) are 58, 17 and 22 g. respectively, while the corresponding value for Leander serratus is only 15'7 g. Lowndes & Panikkar (1941) have found that Homarus of fresh weight 100 g. absorbs about 47 g. of water within less than' 2 days after moulting. The difference between the amount of water absorbed by the stenohaline Maia and euryhaline Carcinus, and the much lower value for Pachygrapsus crassipes and Leander serratus would seem to be closely related to the differences in the permeability of the integument. We should expect a low permeability for animals that can maintain hypotonicity, and if the amount of water absorbed and the consequent osmotic changes taking place form an index of permeability, L. serratus would seem to be the least permeable of all the above-mentioned crustaceans. I have not been able to make many observations on moulting in Palaemonetes, but Table VII gives values of osmotic pressure observed immediately after moult in two prawns that have been in experimental media. The figures, as compared with the normal, indicate that a slight rise may be expected, but distinctly smaller than in Leander; the amount of water absorbed after moult may be correspondingly low.
CHANGE IN WEIGHT OF PRAWNS IN DILUTED AND CONCENTRATED MEDIA
When a typical marine invertebrate is transferred to dilute sea water osmotic movements of water and salts take place resulting in a fall in the osmotic pressure of the internal medium. Direct determinations of osmotic pressure have shown that such a fall takes place in both Palaemonetes and Leander. If the dilution of blood is due to leakage of salts alone, there would be no appreciable difference in weight; but if it is caused by water entering the animal the weight of the animal should show a transitory increase. The changes in weight of L. serratus after transferring from sea water to 5°% sea water are given in Figs. 6 and 7 which are self-explanatory. An increase in weight is observed in all the three instances, but the time taken to reach the maximum is different in different individuals owing probably to differences in size and in the moult cycle which has a considerable influence on permeability. An increase of 6-9 % of original weight is noticed, but an increase above 6.0 % would seem b to be fatal, as shown by the fact that the individual that survived for a long time after direct transfer showed only a maximum of 6.0 % and the values began to fall after about 25 hr. About 4 days were necessary for the prawn to show a constant weight, and this was about 2 % higher than the original weight. Experiments with individual specimens of Palaemonetes were not possible owing to their smaller size and the consequent tendency for the errors to be magnified, but a definite increase in weight has been observed in this species as well (Fig. 6a) in sea water, where they had been living for months, showed an increase in weight of 0'07 g., i.e. nearly 3'8 %, after remaining for 5 hr. in 33 % sea water. The increase was well over 4 %after 7 hr. Similar increase in weight has been noticed in many other marine crustaceans, such as Cancer pagurus (Schlieper, 1929) , Portunus puber and P. depurator (Hukuda, 1932) ; but Bethe (1930) (a) Specimen far from moult, which survived the experiment. (b) Prawn 2 days after moult which died in 24 hr. Dakin & Edmonds (193I) failed to observe any change in weight corresponding to changes in the medium. In the brackish-water Gammarus duebeni and the freshwater Gammarus pulex, Beadle & Cragg (1940a) observed no appreciable change in weight; they conclude that in both these species changes in the osmotic pressure of the blood are due to salt and not to water movements. The changes in weight observed in Leander and Palaemonetes indicate definitely that the gills of both the species are permeable to water and that the dilution of the blood consequent on sudden transfer to dilute media is mainly brought about by the water that enters. A few hours after transfer a slight swelling and a high hydrostatic pressure of blood may be noticed in Leander. the weight increase due to entry of water was shown to be insufficient to account for the fall in osmotic pressure of blood; he was therefore able to demonstrate the passage of an appreciable amount of salt to the exterior. Similar calculation with Leander would show that the amount of water that enters must be to a large extent responsible for the dilution of the blood, . since the extent of dilution taking place is small owing to the low normal value for blood. The escape of salts to the exterior would seem to be inconsiderable at least in moderately dilute sea water, but it certainly takes place when the medium is very dilute. When prawns are transferred from dilute to concentrated sea water there is a corresponding fall in weight, giving clear evidence of the escape of water to the exterior. The results obtained in experiments with Palaemonetes varians and Leander serratus are given in Fig. 8 . 
PERMEABILITY OF THE GILLS
In Crustacea the integument has a very low permeability, being heavily impregnated with chitin and protected by cuticle. The only possible surface through which water and salts may freely diffuse into the body of the animal is that afforded by the gills. The following experiments were performed to ascertain the extent to which the gills of Leander and Palaemonetes are permeable.
A strong solution of methylene blue was dialysed into sea water kept in a jar until the sea water was rich blue and opaque. Specimens of Leander serratus, Crangon vulgaris and Carcinus maenas were transferred to the jar OSMOREGULATION IN SOME PALAEMONID PRAWNS 34I
from the sea-water tanks. The Leander and Crangon chosen were approximately of the same size. The animals were removed at the end of half an hourd issected, and the gills examined under the microscope. Of the preparations from the three species, the presence of methylene blue in the cells of the gill plates could easily be observed in Crangon and Carcinus, whereas no trace of the dye could be detected in the cells of Leander serratus. When the animals were left for about an hour, the gills of Crangon and Carcinus assumed a rich blue colour distinguishable even with the naked eye. In contrast to this, Leander, even ifleft for hours, failed to absorb the dye; the gills became faint blue after several hours, but this was owing to the presence of the dye between the gills and not in the gill cells proper.
The same experiment was performed with a methylene blue solution made in distilled water to which a small quantity of sea water was later added. This was necessary to prevent the early death of the experimental animals which would otherwise result. The osmotic pressure of this very dilute solution was 0'06 %NaCl. The results were similar to those of the previous experiment.
The gills of Crangon and Carcinus took the dye in a very short time, the former being the first to show its presence. Even after 7 hr. of immersion the gills of Leander were colourless and the dye did not penetrate even I hr. after the death of the experimental animal.
Experiments with Palaemonetes varians gave the same results. The behaviour of the animal was also observed with methylene blue dissolved in concentrated sea water. The use of methylene blue is open to criticism owing to the fact that it may have been reduced after penetration (vide Gray, 1931) . If an acidic dye like vital red is substituted, the dye has been observed to penetrate in Leander after prolonged immersion, while about half an hour is enough for Crangon and Carcinus. In regard to Palaemonetes the amount of vital red that penetrates (if any does) is extremely small, as judged by the examination of the gills of prawns appropriately treated. With a quick penetrating dye like neutral red, the gills of living Crangon are stained in a few minutes, while even after half an hour only a slight trace of the dye could be seen in Leander. These observations, though of a preliminary character, demonstrate that in Leander and Palaemonetes the permeability of the gills is very low as compared with the marine Crangon and the euryhaline Carcinus, or at any rate that the membrane properties of the palaemonid gills are different from that of the others.
.
WATER-DRINKING HABITS OF PRAWNS
If a prawn is losing water by diffusion owing to the higher osmotic pressure of the external medium, one of the ways of making up for the water loss is for it to drink water. The technique employed to verify this water-drinking habit was essentially the same as that of Homer Smith (1930) who used phenol red as a suitable indicator. In addition to this dye, I have also employed vital red and brom-cresol green. Concentrated solutions of these dyes were added in small quantities to jars containing prawns in experimental l¥edia, and the animals were examined after suitable intervals to find if the dye could be detected in the alimentary canal. Unlike the te1eosts, the dyes seldom reach the hind-gut or even the posterior half of the mid-gut, since the absorption seems to take place in the hepatopancreas and part of the fore-gut. One difficulty encountered in this connexion was the presence of pigmented cells in the hepatopancreas which are themselves subject to colour variations. By careful examination of teased tissues under the microscope it was, however, possible to distinguish the foreign dye as distinct from the natural pigmentation.
Both Palaemonetes varians and Leander serratus have been observed to drink the external medium, especially when the latter happens to be sea water or concentrated sea water. It must be mentioned, however, that even when the external medium is hypotonic they have been observed to take in water as judged by the presence of dyes inside them. The results obtained have been on the whole erratic. While (after proper treatment for pH differences) the dye became detectable in the hepatopancreas of some specimens in a few hours, in others I have not been able to observe the dyes even after 14 hr. In one set of experiments when solutions of the same concentration were used as the external media (sea water) for both the species, it was found that the dye was seen in Palaemonetes in I day while it took 4 days in Leander. Experiments in sealing the mouth and preventing the entry of sea water were not successful, since the oral appendages are always at work and remove any foreign body near the mouth.
The fact that water drinking may occur in both hyper-and hypotonic media and the wide divergence in results obtained with different individuals in the same medium seem to indicate that it is not an essential part: of the osmoregulatory mechanism. It is probable that water gets into the alimentary canal when the prawns feed or when they attempt to search for food. When directly transferred to very concentrated media there is some evidence from osmotic changes to show that salt water is taken in from the surroundings (see p. 326).
DISCUSSION
Mechanism of Osmoregulation
If an animal is able to maintain a lower osmotic pressure of the blood than the sea water in which it lives, it must either be completely impermeable to water and salts or it must be doing continuous osmotic work. Complete impermeability is not practicable in marine animals that depend upon the external medium for their essential supply of oxygen which has to diffuse through the gills. If, on the other hand, salts from the external medium penetrate the integument and water escapes in accordance with the laws of osmosis, the animal has first of all to make up for the loss of water it sustains and, secondly, it must get rid of salts to maintain the osmotic deficiency. The mechanisms possible are: (1) by producing a concentrated and markedly hypertonic urine, the animal can achieve elimination of excess of salts, and this may be further elaborated by the development of a special water reabsorbing mechanism; (2) it may drink sea water from time to time and thus make up for the loss of water and simultaneously excrete the excess of salt from the body, not necessarily through the agency of the kidney; or (3) the animal may absorb water from the surrounding sea water but not salt. The capacity to produce hypertonic urine has so far been observed only in vertebrates which have become terrestrial in habits, under conditions where the problem of conserving water is of paramount importance; none of the primarily aquatic organisms is known to possess it. In the marine teleosts, which have an osmotic pressure about one-third that of sea water, it has been demonstrated by Homer Smith (1930) and Keys (1931 Keys ( , 1933 that regulation is effected by the drinking of sea water and excretion of salts by the gills. We have seen that in Leander serratus and Palaemonetes varians the urine is isotonic with the blood whether the external medium is of extremely low or high salinity. The fact that the animals drink sea water and do this much more when in hypertonic media might suggest at once that the regulatory mechanism of palaemonid prawns is probably similar to that of marine teleosts. But this explanation alone would be insufficient to account for the osmotic independence of these prawns to wide variations in environment, and the ability, at least in Palaemonetes, to live in abnormally high concentrations of sea water which would be lethal to most marine animals-an ability comparable only with the classical instance of the brine shrimp Artemia. It seems likely that active water transport from outside to mside takes place in order to maintain hypotonicity in sea water in the same way as active salt absorption takes place in dilute sea water.
The total osmotic pressure curves of Palaemonetes and Leander indicate beyond doubt the homoiosmotic behaviour which they exhibit when their media are changed; this power is markedly developed in the former and partially lost in the latter. Within a range of nearly 5.0 %NaCl in its external medium the blood of Palaemonetes is affected only to the extent of about .0.8-1.0 % NaCl. The range of variation is much greater in Leander, but even here the blood is little affected by the dilution of the environment up to about 2'5 %NaCl; and it is probably reasonable to assume that under no circumstances is L. serratus subjected to changes in environment below this range under natural conditions. Palaemonetes, on the other hand, inhabits regions subject to wide fluctuations in salinity, not only seasonal but also tidal, the ditches in which it lives being liable to evaporation and to inundation by sea or river water. Leander squilla shows an intermediate condition which is what one would expect from its habits. But while the difference in homoiosmotic behaviour is consistent with the habits of these prawns, it does not enable us to judge how a new physiological ability has been acquired in one genus that is anatomicallyso similar to another, or how the palaemonid prawns have acquired an osmotic behaviour so different from other marine prawns.
When Palaemonetesis in water of extremely low salinity it has an osmotic pressure equivalent to about 2'0 %NaCI under natural conditions and about 1.8 %NaCl under experimental conditions. If the curve be projected to the freshwater limit the value cannot be below 1'7 %, and under conditions in which the species has become naturally acclimatized to fresh water1 it is likely that the value is even slightly higher. This is no doubt much higher than the values of the osmotic pressure of most other freshwater Crustacea.
The crayfishes Potamobius and Cambarus have blood with freezing-f'oint depressions of about -0'8°C. (about 1'37 % NaCl) and -0'65°C. (about I'll % NaCl) respectively (Duval, 1925; Schlieper, 1935; Lienemann, 1938) , and freshwater insects such as the mosquito (Aedes argenteus, Wigglesworth, 1933) and chironomid larvae have lower values (Harnisch, 1934; Koch, 1938) , while freshwater branchiopods (Daphnia, Fritzsche, 1917; Chirocephalus, Panikkar, 1941) have osmotic pressures lower than in any other crustacean. In these freshwater forms there is a regular osmotic stream of water entering the body through the gills and escaping through the excretory system. In Potamobius, Peters (1935) has conclusively shown that the danger of loss of salts through the discharge of large amounts of urine is overcome by the salt reabsorbing mechanism resident in the nephridial canals, which makes the final urine extremely hypotonic to the blood. In the same way as freshwater organisms depend upon an osmotic stream of water for copious urine production, the marine teleosts depend upon the continuous drinking of sea water to cope with the elimination of salts through the gills. If the question of osmotic regulation is entirely dependent upon the continuous entry of water or salts through a semi-permeable membrane and the consequent elimination of water or excretion of salts, it would hardly be possible for animals to survive sudden changes in environment, since equally sudden reversal of physiological processes could seldom happen. It becomes evident, therefore, that the ability to control the exit and entrance of substances in the body of aquatic animals is an integral part of the regulatory mechanism. It may be achieved by different methods, as by the development of a keratinous waterproof coat in the majority of teleosts, the secretion of mucus in the eels (Duval, 1925; Keys, 1933) , or by the development of an almost impermeable cuticle in arthropods. The factor of salt retention, recently emphasized by Beadle & Cragg (1940b) , would seem to be the result of the low permeability of the integument.
Permeability of the Integument: Water and Ion Transport
It is well known that the crustacean integument has a low degree of permeability except in the region of the gills, where exchange of substances can IN SOME PALAEMONID PRAWNS 345 take place in both directions. Different degrees of permeability have been noted by previous authors. In most marine Decapoda, Bethe (1929 Bethe ( , 1930 has shown an almost indiscriminate permeability (of the gills) to water and ions; but these are forms in which the external and internal media are isoosmotic. The ionic composition of the blood of these animals and that of sea water need not, however, be the same as shown by Bethe & Berger (1931) and by the recent analyses of Robertson (1939) , but, in any case, a fairly constant ionic equilibrium is maintained. The extent of permeability is different even among stenohaline Crustacea; low permeability has been noticed in animals that show euryhaline tendencies, while true euryhaline animals are even much less permeable. Carcinus, for example, is less permeable to ions in both directions than marine crabs like Portunus and Hyas (Nagel, 1934) ; however, it is permeable to both water and salts as shown by the dilution curves of Margaria (1931 ), Bateman's (1933 conclusion that the gill membrane is almost impermeable to water being incorrect (Krogh, 1939; Webb, 1940) . In the freshwater Cambarus bartoni, Maluf (1937) has shown that the gills are permeable to water but not to electrolytes, but in a later paperl (1939b) he admits that chlorides could pass through in both directions. The gills of Eriocheir sinensis are permeable to water and to substances like chloride and ammonia (Krogh, 1939) . There is possibly no aquatic crustacean the gills of which are not permeable! to water, for even the brine shrimp Artemia is permeable as indicated by experiments with heavy water (Krogh, 1939) . The experiments made on the permeability of the gills of Leander and Palaemonetes, though only of a qualitative nature, show that the gills are much less permeable than in marine or even euryhaline animals like Carcinus. Changes in osmotic pressure and water content during the moult cycle also support this conclusion. The condition observed in these prawns is comparable to that of Eriocheir and possibly Cambarus; definite permeability in both directions exists for water and ions. However, the amount of water that enters the prawns when they are in osmotically inferior surroundings must be much less than that observed in freshwater Crustacea with salt-reabsorbing mechanism, since large-scale urine production will not be consistent with conservation of salts. Loss of water from the tissues when the prawns are in hypertonic media is inevitable, though the amount of water lost is not considerable owing to low permeability. If the loss of water is great, as for example in very concentrated media, it is probably made up by taking in sea water through the alimentary canal; but there remains the question of excretion of salts, the site of which has not been definitely proved, though circumstantial evidence seems to point to the gills. The alternative possibility is an active transport of water (but not salts) into the body from the surrounding sea water. The osmotic work required to absorb water against an osmotic gradient would be of about the same order as that required for secreting salts to osmotically superior surroundings. It has to be mentioned, however, that active transport of water alone through a living membrane and against an osmotic gradient has not been demonstrated in any marine animal. Studying the ionic regulation of Carcinus, Webb (194°) brings circumstantial evidence in favour of water transport. That absorption of water takes place in Crustacea after moult is well known from the results of Baumberger & Olmsted (1928) , Robertson (1937) and Drach (1939) . In Leander, changes in water content and osmotic pressure during the moult cycle indicate the selective absorption of water immediately after moult so as to account for a rise of almost 5 % (cast included) in water content and a fall in osmotic pressure of about 0'2 % NaCl. If water and salts were absorbed without preference we should find a rise in the concentration of the blood after moult and not the gradual reduction actually observed, assuming, of course, that the excretory function remains normal. Since the highest osmotic pressure registered (3'030 % NaCl) is well below the value of sea water, this absorption takes place against an osmotic gradient and is, I think, sufficient proof of the ability of water transport in Leander, at least soon after moult. It is quite probable, therefore, that this capacity is not completely lost even during intermoult periods, and that active transport of water, probably across the gill membrane, plays a -significant part in osmoregulation. Though technical difficulties in demonstrating this have not been completely overcome, it is hoped that analysis of ionic regulation will throw some light on this problem, for osmoregulation is mainly the result of the intensification of the processes at work in ionic regulation (Pantin, 193I ; Webb, 194°) .
The concept of salt transport, presumed by Schlieper (1929 Schlieper ( , 1935 , conclusively shown in Carcinus by Nagel (1934) and explained on the basis of active ion absorption demonstrated by Krogh and his collaborators, accounts for the ability of many euryhaline and freshwater animals to maintain a high osmotic concentration. Intake of salts by Palaemonetes and Leander has been demonstrated. Though the possibility of at least some of the salts being absorbed through the gut cannot be ruled out, the quantity thus absorbed must necessarily be small owing to the fact that it would be unfavourable to the animal from the point of view of water economy. The only other place where salt assimilation can take place is the gills, and in view of the results' obtained by Krogh (1939) and Koch (1934) the gills are presumably the site of ion transport in prawns.
Role of the Gills in Osmoregulation
From what has been said above, it will be clear that the gills of palaemonid prawns are the most vital organs in osmoregulation, especially in view of the relatively unimportant role played by the renal organs. They should have a low permeability to reduce the amount of osmotic work to be done when prawns are in hypotonic as well as in hypertonic media; they have to discharge salts to the exterior when the medium is hypertonic or alternatively transport OSMOREGULATION IN SOME PALAEMONID PRAWNS 347
water into the body from the surroundings, and they have to perform the function of ion assimilation when the medium is hypotonic. Confirmation on these points is possible only after the direct histochemical observations on gills, which are being made, have been completed. The following facts in regard to the structure of the gills of Palaemoninae are relevant in this connexion. Allen (1892a) , in his account of the minute structure of the gills of Palaemonetes varians, describes the occurrence of numerous reticulous and clear glands on the axis of the gill. Cuenot (1895) , who observed similar glands in certain other Crustacea, considered them to have the function of mucus secretion; but Yonge (1932) , from a comparative study of similar structures, concluded that these tegumental glands are responsible for the secretion of the cuticle of arthropods.' He finds the cuticle thickest where the glands are most numerous. Considering the fact that it is the cuticle that reduces the permeability of chitin, the presence of a large number of such glands on the gills is suggestive of the role they play in securing the low permeability of these prawns. In the freshwater Palaemon, Patwardhan (1937) mentions that the axis is protected by a thick layer of cuticle and that the gill plate itself is covered by adouble layer of cuticle. From an examination of the gills of Carcinus, Maia, Hyas and Eriocheir, Webb (1940) concludes, however, that the cuticle is of little significance in controlling permeability and that the control is really exercised by the nature of the epithelium. That the gills have an excretory function is suggested by the fact that dyes injected into the animal are collected by certain cells lining the blood vessels of the gills! (Kowalevsky, 1889) , and Cuenot (1895) has observed that their behaviour is almost identical to that of cells of the end-sac. According to Allen these cells surround the veins and possess vacuoles with excretory concrements. Whether or not they have a chloride-secreting function cannot be asserted at present, but they are definite evidence of active excretory processes taking place in the gills. In regard to ion absorption, Koch (1934) has demonstrated the curious affinity for silver salts of certain cells found in the branchiostegites of Leander serratus and Palaemonetes varians, and he suggests from a comparative study of similar cells in other arthropods that this property is evidence of active ion absorption taking place in the branchial epithelium.
Role of the Kidneys in Osmoregulation
The mechanisms employed to achieve osmotic independence of the surrounding medium are quantitatively and qualitatively different in the different groups of animals which have succeeded in establishing themselves in fresh water. Those which have developed the capacity to produce hypotonic urine have in general the lowest concentration of blood, in contrast to those producing blood isotonic urine which, though found in fresh water, have a high osmotic concentration of blood. Maluf (1938) , reviewing the question of 348 N. KESAVA PANIKKAR excretion in the Arthropoda, concludes that the nitrogenous wastes, which in Crustacea consist mostly of ammonia (Delaunay, 1931) , are probably secreted into the lumen of the antennal kidneys by the cells of the labyrinth. That the actual filtration of water and crystalloids from the blood takes place first of all into the coelomic sac is evident from the work of Picken (1936) and Peters (1935) . The morphological differences between the antennal glands of the marine Homarus and the freshwater Potamobius emphasized by Peters, and the significant changes in chloride content which he observed in the different parts of the green gland, have established conclusively that the nephridial canal of the freshwater crayfish is mainly concerned with the reabsorption of salts from the urine as it flows down from the labyrinth into the bladder. It has been found that the nephridial organs are usually provided with longer nephridial canals in the freshwater as compared with marine Crustacea, as shown by Schwabe (1933) in the freshwater Gammarus pulex and the marine Gammarus locusta. Exceptions to this rule have been found in crabs, such as Eriocheir sinensisand Potamon1ftuviatilis, which though capable of living in fresh water have excretory organs similar to those of marine crabs (Schlieper, 1929; Schlieper & Herrmann, 1930) . To these must now be added the palaemonid prawns which, though capable of penetrating into fresh water, do not have an excretory system specially modified for the purpose. The blood-isotonic urine in Leander serratus and Palaemonetes varians is not surprising when we consider the structure of the excretory organs, for neither has a urinary canal. Both the end-sac and the labyrinth are small and compact and very near the external orifice of the bladder. The structure of the bladder epithelium precludes the possibility of any active reabsorption taking place there. However, there is a distinctive feature in the excretory system-the enormous renal or nephroperitonea1 sac which absorbs dyes injected into the animal and necessarily performs a certain amount of active excretion (Weldon, 1891; Marchal, 1892) . From the fact that the walls of the sac are richly provided with blood vessels it would appear that a certain amount of filtration may possibly also take place there. Though the essential lay-out of the excretory systems in Leander and Palaemonetes is similar to that of the marine prawns Pandalus, Hippolyte and the shrimp Crangon (Weldon), they are enormously developed and fused to form a large storehouse of urinary fluid. This would seem to be advantageous in the production of large amounts of urine, since the rate of urine production is likely to be different when the prawns are in different media. Schwabe (1933) , who examined sections of Palaemonetes varians microgenitor (brackish water) and macrogenitor (fresh water), could not discover any noticeable structural difference in the excretory organs of the two varieties. Similarly the description of the excretory organs of the freshwater Palaemon given by Patwardhan (1937) is essentially the same as that of Leander. On anatomical and osmotic grounds the evidence available is that adaptation to fresh water in the Palaemoninae has not been accompanied by the development of a salt reabsorbing part of the nephridium and the ability to produce urine hypotonic to the blood. It is probably this very fact which has enabled the freshwater palaemonids to tolerate salt water.
Evolutionary Significance of the Osmotic Behaviour of the Palaemoninae
The osmotic behaviour of Palaemonetes varians, Leander serratus and L. squilla appears to be of great significance when viewed in relation to the habits and distribution of the group to which they belong. The family Palaemonidae includes four subfamilies, of which the Pontoniinae are marine, the Desmocaridinae and Typhlocaridinae are fluviatile, while the Palaemoninae include the following seven genera with habitats ranging from fresh to salt water:
Pseudopalaemon Brachycarpus Leander
Two species. Marine. Two species. Marine. About fifty species. Mostly marine; some estuarine; a few fresh water. About fifteen species. Mostly estuarine or brackish water; a few fresh water. About seventy-five species. Almost entirely fresh water; a few estuarine. Two species. Fresh water. One species. Fresh water.
Palaemonetes
Palaemon 1
Euryrhynchus Cryphiops
The genera of the subfamily have been discussed in some detail by Kemp (1925) . Leaving out of consideration the exclusively marine and freshwater genera, we find that species of Leander, Palaemonetes and Palaemon occur both in salt and fresh water. Leander is mainly marine, but a good many species are estuarine; at least two occur only in fresh or brackish water (L. gardineri and L. fluminicola); not less than five species are known only from fresh water (L. potitinga, L. cubensis, L. modestus, L. capensis and L. annandalei); others, like L. concinnus and L. paucidens, seem to be indifferent to the salinity of the medium. Kemp observed L. fluminicola nearly 700 miles up the Ganges in India. Of the four species of Leander found on the English coasts, L. longirostris is known to ascend many miles up rivers (Gurney, 1923; Schnakenbeck, 1933) . L. serratus is able to survive in brackish water for short periods and L. squilla is often observed in brackish water, though both are essentially marine species confined to the littoral zone. L. adspersus is a marine and brackish-water species.
Palaemonetes, though found only in fresh and brackish water under natural conditions, includes at least two species that can thrive in sea water. P. vulgaris is mainly an estuarine species but is also known from the sea on the American coast (Faxon, 1879) . As mentioned before, there are few, if any, valid records of P. varians from the sea, but the prawn has been observed to live for many months and to breed in the sea-water tanks of the Plymouth Laboratory.
Palaemon is an essentially freshwater genus, but a few species, such as P. rudis, P. carcinus, P. malcolmsoni and P. lamarrei, are known to migrate into brackish water during breeding periods (Kemp, 1915; Panikkar, 1937) ; the last-mentioned species is particularly tolerant to salt water and has been noticed in true brackish-water habitats (Panikkar & Aiyar, 1937) . Menon (1938) has found the larvae of P. rudis and P. carcinus in brackish water.
It should be mentioned in this connexion that there are few reliable characters to distinguish Palaemon from Leander. While the main difference between the two is the presence of the hepatic spine in Palaemon and of the branchiostegal in Leander, there are two species (L. potamiscus and L. fiuminicola) which, though obviously Leander, are without the branchiostegal spine, while in Palaemon hildebrandti the hepatic spine is sometimes absent; P. mirabilis, though technically a Palaemon, is remarkably like some species of Leander (Kemp, 1925) . The specific characters of some of these species of Palaemon and Leander so overlap that their diagnosis is extremely difficult even for the specialist. Kemp, reviewing the species, considers that the genus Palaemon is probably polyphyletic in origin. The same view is held in regard to Palae-. monetes (Kemp, 1925, p. 315) , whose resemblance to certain groups of species of Leander in the adult as well as in the developmental stages is so marked that Gurney (1939) suggests there is nothing in the development of Palaemonetes to justify its separation from the genus Leander.
The discovery of osmotic independence in a purely marine species of Leander and of a highly developed homoiosmotic behaviour in L. squilla and Palaemonetes varians suggests that all the prawns known from varied habitats, included in the genera Palaemon, Leander and Palaemonetes, possess a welldeveloped mechanism of osmoregulation.
Osmotic independence must naturally exist in all the freshwater genera of the Palaemoninae-Palaemon, Euryrhynchus and Cryphiops. The fact that all species of Palaemonetes are found either in fresh water or in brackish water, considered in the light of the behaviour of P. varians, would indicate that relative osmotic independence is probably to be found in all the members of this genus. It is to be expected that a similar independence will be found in all the freshwater and at least all true brackish-water species of Leander. In regard to marine Leander, direct evidence has been obtained only in L. serratus and L. squilla, but I consider that osmotic independence is'likely to occur in L. longirostris, as judged by its migratory movements, and in many Indian species, such as L. stylijerus, which I have often found in brackish and sea water. The degree of hypotonicity when in sea water is bound to be varied; it may even be completely absent when the prawns are in normal sea water and may become apparent only in concentrated sea water as observed in Eriocheir sinensis (Conklin & Krogh, 1938) . It would be of the utmost interest to know the osmotic behaviour of palaemonid prawns from different habitats in different parts of the world, for we might then secure data on their physiological adaptation which would throw light on their evolutionary history.
If an animal shows a high degree of osmotic independence relative to the external medium, especially if it involves ability to maintain hypotonicity, it is reasonable to consider that the animal must at some time in its evolutionary history have inhabited fresh water (Pantin, 1931; Baldwin, 1937) , for such a mechanism would never have been needed for a purely marine life. The penetration of most marine animals into brackish water is closely associated with the development of osmoregulatory powers; but we find in them only an ability to maintain hypertonicity when the external medium is dilute sea water. This is brought about by decreased permeability to water and salts and active transport of ions from the outside to the inside. Thus, animals like Carcinus maenas can survive in brackish water of very low salinity, and maintain a high osmotic concentration of blood (Schlieper, 1930 , and others), but isotonicity is established the moment they are taken back to sea water (Fredericq, 19°4; Duval, 1925) . A further development of this ability to maintain hypertonicity enables a brackish-water animal to penetrate into fresh water. The adjustments required would either be increased ability to assimilate ions and a low permeability to water, or the development of renal saltreabsorbing mechanism whereby loss of salts would be reduced to a minimum. We have found that in Palaemonetes acclimatization to fresh water has been brought about by the former method without any undue specialization of the excretory system, and it is by virtue of this that the prawn is able to live in external media of a wide range of concentration, a feature which it shares with many other Palaemoninae.
Two theories are possible to account for the osmotic independence shown by Leander serratus and L. squilla. One is that they have been derived from prawns that have been established in fresh water and developed a high degree of osmotic regulation, but that for some reason they began to penetrate back into brackish water and then into the sea. In the same way that a low permeability was advantageous in reducing the entry of water into the body of prawns when in fresh water, it was helpful in reducing the loss of water when the medium became hypertonic. The second possibility is that the presentday species of Palaemonetes, Palaemon and Leander are descendants of prawns which left the sea for life in inlets that eventually became land-locked and were thus subject to increase in salinity; in consequence they were obliged to develop a mechanism for maintaining hypotonicity and a low permeability. An argument against the latter theory is that these genera are world-wide in their distribution, and it is unlikely that these special conditions could have been so widespread. Both possibilities may have occurred and may account for the suggested polyphyletic nature of the genera in question. I consider the first explanation the more plausible in regard to L. serratus and L. squilla, since, if it were otherwise, the optimum value of total osmotic pressure would certainly have been higher than 2,8 and 2,6 % NaCl. Whether all Leander have had a freshwater ancestry or not cannot be asserted until the numerous other marine species have been subjected to close study. Investigations on ]OURN. MAR. RIOL. ASSOC. vol. XXV, 1941 23 352 N. KESAVA PANIKKAR Brachycarpusand Pseudopalaemon would be of exceptional value, for if they are stenohaline they may represent forms which have not developed osmoregulatory powers in their history; on the other hand, if they have an osmoregulatory behaviour comparable to that of Leander, they would represent forms that have become secondarily marine in recent times. The biochemical aspect of adaptation to fresh water emphasized by Needham (1930 Needham ( ,1937 throws some light on the question of the recolonization of salt water suggested in L. serratus and L. squilla. One important condition to be fulfilled if an animal is to establish itself in fresh water is that it should provide, within its egg, enough ash for complete development instead of having to depend upon the environment for inorganic substances essential for the organization of the embryo. The provision of ash in the embryo is therefore as necessary to enable a species to establish itself in fresh water as osmoregulation is to enable the individual to live in fresh water. It is well known that there are many animals which though they occur in fresh water have not overcome this embryonic obstacle, and are thus obliged to migrate into salt water in which alone their eggs can develop. This migration may also be necessitated by the absence or inefficiency of the osmoregulatory mechanism in the embryo, the mechanism, however, attaining its full functional significance in the adults which can therefore migrate into fresh water. Gurney (1923) found that in L. longirostris the eggs can develop only in salt water in spite of the adults being quite at home in fresh water.
It is well known that a large egg and a reduced or suppressed larval development is a characteristic of many freshwater animals, but the information we . possess on this point in the Palaemoninae is widely scattered and not as precise as could be desired. In the crayfishes, the Astacidae and Parastacidae, the eggs are always large and the young are liberated in a form closely resembling the parents. In Palaemon, some species, such as P. lamarrei, have large eggs and a reduced development (Henderson & Matthai, 1910) , while in others the eggs are small and there is no doubt a long series of larval stages. Some species with small eggs, such as P. carcinus, P. malcolmsoni and P. rudis, are known to migrate from fresh water to brackish water in order to liberate their young, and from this circumstance it is to be concluded that the osmoregulatory mechanism is absent or inefficient in the early stages but becomes functional after growth has proceeded and the young prawns are ready to ascend the rivers. In all probability, however, it would be incorrect to say that all species of Palaemon with small eggs must have access to brackish water during the breeding season; for it is likely that small-egged species are to be found in localities so far inland that regular access to the coast is an impossibility. In such species it is to be assumed that an osmoregulatory mechanism is functional from the earliest stages.
In the freshwater prawns belonging to the Atyidae, a family much more primitive than the Palaemonidae and therefore, as one may suppose, established in fresh water for a still longer period, the eggs vary greatly in their size, and
